Visual real-time monitoring is the premise of low frequency oscillation control in power grids. This paper showed a visual method for the control center of power grids to monitor low frequency oscillation. It processed the PMU real-time data with incomplete S-transform, and converted the waveforms to two-dimensional time-frequency figures which showed the initial time, frequency and amplitude of each low frequency oscillation mode directly. GPU was used to show figures and calculate FFT with the purpose of improving calculation efficiency. The results of practical cases show that the real-time characters of low frequency oscillation can be identified availably by this visualization real-time monitoring method which is helpful and suitable for practical application.
Introduction
With the expanding of large-scale interconnected power systems, structure and characteristics of the power system are more and more complex. Low frequency oscillation becomes seriously, which puzzles the operation of power systems [1] . Real-time monitoring is the basis of arranging operation modes legitimately, which can damp low frequency oscillation and improve the stability of power system [2] .
In recent years, the phasor measurement unit (PMU) based on global positioning system (GPS) is widely spread. The wide area measurement system (WAMS) based on PMU is widely used in engineering practice [3] - [5] . For monitoring low frequency oscillation on-line, the WAMS uses PMU to collect operating data in different locations of power grids and sends them to the dispatch center. Currently, the real-time monitoring is implemented by analyzing the PMU real-time data artificially and directly. This method has two kinds of disadvan-tages. Firstly, it is difficult to determine the number of low frequency oscillation modes. Secondly, it is not easy to determine the frequency and amplitude of each oscillation mode directly.
As a signal analysis method with multi-resolution, S-transform [6] has been used to solve many electricity problems. It can be used to identify fault lines in power system [7] and analyze power quality disturbances [8] - [12] . It also can be applied to extract specific signal components of non-stationary signal [13] . Results of those researches show that S-transform possesses good time-frequency characteristics and can separate frequency components. Two-dimensional time-frequency figures based on results of S-transform can show the change of frequency and amplitude over time. S-transform was applied to monitor low frequency oscillation on-line in this paper. Only data in the range of 0.2 -2.5 Hz were needed for monitoring analysis, so the incomplete S-transform was introduced [9] . This paper adopted parallel optimization algorithm on GPU [14] for improving the efficiency.
Incomplete S-Transform

S-Transform
S-transform is a modified short time Fourier transform (STFT). The short time Fourier transform of a signal ( )
In Equation (1), t and f are time and frequency.
The form-retaining window ( ) 
Then S-transform of signal
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It can be an another form as ( ) 
In Equation (4), ( ) X α is the Fourier transform of ( ) x t . The result of S-transform is a two-dimensional time-frequency matrix named matrix S . Rows and columns of matrix S correspond to frequency and time, and elements correspond to amplitude.
Incomplete S-Transform
S-transform has heavy computational complexity, but the useful data of low frequency oscillation just account for a small part. In incomplete S-transform, only data of characteristic frequency are calculated, which can reduce the computational complexity and memory space [9] . In the analysis of low frequency oscillation, it also works. Data with information of low frequency oscillation in matrix S can be named as matrix
, the calculation of incomplete S-transform is:
where n is the sampling point of frequency.
2) Confirm the range of matrix F . The corresponding relation of n and f is ( )
where T is the sample interval and N is the sampling number. The value of n can be counted by Equation (6) 
Vector of window function
Then, vector
4) Matrix F can be expressed as 
Real-Time Monitoring of Low Frequency Oscillation Based on Incomplete S-Transform
Parallel Optimization Algorithm of FFT Based on GPU
The computation of S-transform is focus on the FFT algorithm and its inverse transformation, which requires large computation and restricts the practical application of the algorithm. GPU is a highly parallel data flow processor aims to improve the vector computing. Therefore, it is obvious to improve calculation efficiency by operating FFT and its inverse algorithm on GPU. Principles to optimize the parallel algorithm of FFT on GPU are illustrated as follows. Equation (5) can be shown as [15] . Sequential algorithm will have finished M levels of butterfly operation in total. Butterfly operation of the same twiddle factor should be put in the same group on each level. These groups should be completed one by one until all groups under the same level are completed, then proceeding to the next level. The traditional sequential algorithm of FFT is achieved by the three-cycle structure. Butterfly operation of the same group is the innermost layer. The second layer should change the twiddle factor as well as changing groups, and the outer layer is changing levels. Then M levels of butterfly operation can be finished.
Comparing to sequential algorithm, the advantages of parallel algorithm on GPU is: Every level has N/2 independent butterfly operation which can be performed in parallel at the same time, which makes the time complexity drop to
The inverse algorithm of FFT has similar structure, which can be completed by the same way.
Real-Time Monitoring of Low Frequency Oscillation Based on Incomplete S-Transform
WAMS collects real-time data at different places of power grids by PMU. Then the data will be marked time scale based on GPS and sent to the dispatch center in a high speed by fiber every 20 ms. At present, power dispatchers observe waveforms of PMU data to monitor the low frequency oscillation artificially. It's hard even for experienced power dispatcher to analyze oscillation modes and their frequency quickly. In that case, a visual real-time monitoring method of low frequency oscillation based on incomplete S-transform in power grids has been proposed. The basic idea is: PMU can be used to collect the active power data of generator and tie line online; Those data can be transformed into two-dimensional time-frequency figures by incomplete S-transform process; If the low frequency oscillation occurs on girds, dispatchers can get those figures immediately; The horizontal axis of two-dimensional time-frequency figures shows time and the vertical axis represents the frequency while the amplitude of oscillation is illustrated by brightness; The data of figures should be updated every 20 ms so that those can keep up with PMU data and display the real-time information dynamically. The flowchart of visualization real-time monitoring method of low frequency oscillation based on incomplete S-transform is shown in Figure 1. 
Case Study
PMU data of low frequency oscillation in China Southern Power Grids can be used to test the feasibility and effectiveness of this method.
Case 1: Waveform of PMU active power data on line A in China Southern Power Grids is shown in Figure 2 . PMU sends data to the dispatch center every 20 ms, so the data window moves forward 20 ms t ∆ = at the same time. Changes of waveforms over time are shown in Figure 3 . Obviously, it is hard for human to determine the number, the frequency and the amplitude of low frequency oscillation modes directly.
Waveforms in Figure 3 can be transformed into two-dimensional time-frequency figures in Figure 4 . These two-dimensional time-frequency figures are based on data of matrix A and update data at the same time with PMU. It is easy to obtain the information of time, frequency and amplitude for power dispatchers. For easier analysis, the color of Figure 4 (d) is changed in Figure 5 . It shows that the main oscillation at frequency of 0.68 Hz starts at 18.7 s.
Case 2: Waveform of PMU active power data on line B in China Southern Power Grids is shown in Figure 6 . Waveforms in Figure 6 can be transformed into two-dimensional time-frequency figures in Figure 7 by incomplete S-transform.
It shows that this method can separate frequency components. The color of Figure 7 (d) is changed in Figure  8 .
There are two modes of low oscillation, the one at frequency of 0.54 Hz starts at 17.8 s, another at frequency of 0.93 Hz starts at 20.9 s.
The platform of those cases is Intel Pentium 4 CPU 3.06 GHz and size of main memory is 2 GB. The model of graphics is NVIDIA GEForce7025. Both complete S-transform and incomplete S-transform are performed on GPU and CPU. The computing time of each algorithm is shown in Table 1 .
The data show that incomplete S-transform can reduce more than 90 percent of time comparing to the complete one, and running algorithm on GPU is over ten times faster than that on CPU.
Conclusions
This paper introduced a visual real-time monitoring method of low frequency oscillation based on incomplete Stransform, which transformed waveforms into two-dimensional time-frequency figures. Results showed that this method can determine the number, frequency and starting time of low frequency oscillation modes directly and exactly.
This paper adopted parallel optimization algorithm on GPU for FFT in incomplete S-transform, which improved the efficiency greatly. The method in this paper has been applied to China Guangdong Power Grid Company. The operational results show that this method can reflect the real-time characteristics to power dispatchers directly and exactly.
